Selective cell death by apoptosis plays important roles in organogenesis. Apoptotic cells are observed in the developmental and homeostatic processes of several ectodermal organs, such as hairs, feathers, and mammary glands. In chick feather development, apoptotic events have been observed during feather morphogenesis, but have not been investigated during early feather bud formation. Previously, we have reported a method for generating feather buds on a bioengineered skin from dissociated skin epithelial and mesenchymal cells in three-dimensional culture. During the development of the bioengineered skin, epithelial cavity formation by apoptosis was observed in the epithelial tissue. In this study, we examined the selective epithelial cell death during the bioengineered skin development. Histological analyses suggest that the selective epithelial cell death in the bioengineered skin was induced by caspase-3-related apoptosis. The formation of feather buds of the bioengineered skin was disturbed by the treatment with a pan-caspase inhibitor. The pan-caspase inhibitor treatment suppressed the rearrangement of the epithelial layer and the formation of dermal condensation, which are thought to be essential step to form feather buds. The suppression of the formation of feather buds on the pan-caspase inhibitor-treated skin was partially compensated by the addition of a GSK-3β inhibitor, which activates Wnt/β-catenin signaling. These results suggest that the epithelial cell death is involved in the formation of feather buds of the bioengineered skin.
These observations also suggest that caspase activities and Wnt/β-catenin signaling may contribute to the formation of epithelial and mesenchymal components in the bioengineered skin.
K E Y W O R D S
bioengineered skin, caspase, cavitation, selective cell death, Wnt/β-catenin signaling regulated apoptotic events are observed in the epidermis (Chang et al., 2004) . TdT-mediated dUTP nick-end labeling (TUNEL)-positive apoptotic cells have been detected in the epidermal cells of developing feather buds, however, the involvement of apoptosis-related cell death in the early stage of feather bud development has not yet been reported.
Recent studies have reported bioengineering methods to generate bioengineered ectodermal organ germs, which are reassembled from epithelial and mesenchymal tissue stem/progenitor cells, including tooth, hair, lacrimal and salivary glands, and feather (Hirayama et al., 2013; Ishida & Mitsui, 2016 Nakao et al., 2007; Ogawa et al., 2013; Toyoshima et al., 2012) . Using embryonic chick skin, we have developed a method to generate a bioengineered skin after completely dissociating epithelial and mesenchymal cells (Ishida & Mitsui, 2016) . Bioengineered feather buds can form on the bioengineered skin in vitro. During the early stages of development of the bioengineered skin, the formation of an epithelial cavity by apoptotic cell death was observed. The epithelial cavity may provide the environment for newly formed bioengineered buds to elongate.
However, the processes of selective cell death in the development of bioengineered skin and the formation of bioengineered feather buds have not been examined.
In this study, we have focused on the caspase-related selective epithelial cell death in the early stage of the formation of bioengineered skin and feather buds that were generated by a previously developed method (Ishida & Mitsui, 2016) , because the apoptosis after the formation of the feather bud has been described previously (Chang et al., 2004) . TUNEL-positive epithelial cells were detected during the early stage of development of the bioengineered skin.
In addition, the expression of cleaved caspase-3, which is a central intrinsic mediator of the apoptotic pathway (Hengartner, 2000) , was observed in the area of the expected cavity formation in the epithelial cell aggregate of the bioengineered skin. Furthermore, the formation of bioengineered buds was suppressed by treatment with a pan-caspase inhibitor (Q-VD-OPh), and this suppression was partially compensated by the addition of a GSK-3β inhibitor, which activates Wnt/β-catenin signaling. Our results suggest that the epithelial cell death in the bioengineered epithelium is involved in the development of the bioengineered skin and the formation of feather buds. We also suggest the possibilities that the activities of caspases and Wnt/β-catenin signaling may participate in the rearrangement of the epithelial cell layer and mesenchymal condensation of the bioengineered skin.
| MATERIAL S AND ME THODS

| Animals
Fertilized chicken eggs (Yamagishism, Mie, Japan) were incubated at 37.5°C and staged according to Hamburger and Hamilton (HH; Hamburger & Hamilton, 1992) . All animal experiments were approved by the Life Science Committee of Aoyama Gakuin University and the Animal Care and Use Committee of Chiba University. All animal experiments were carried out in accordance with the guidelines for the care and use of laboratory animals (National Institute of Health).
| Generation and culture of bioengineered skin and feather buds
The bioengineered skins and feather buds were generated as previously described (Ishida & Mitsui, 2016) , with slight modifications. 
| Histochemical analysis
Histochemical analysis staining using 10-μm fresh frozen sections were performed as previously described (Ishida & Mitsui, 2016) , with slight modifications. Briefly, sections were fixed in 10% formalin for 10 min and then stained with hematoxylin and eosin. Light microscopy images were captured using a BX60 microscope with a DP73 camera (Olympus). TUNEL staining was performed as previously described (Ishida & Mitsui, 2016) . The TUNEL-positive areas in the sections were measured using ImageJ software (NIH).
| Immunohistochemistry
Fluorescent immunohistochemistry using 8-μm fresh frozen sections were performed as previously described (Ishida, Saito, & Mitsui, 2018) . Sections were incubated with the following primary antibodies: anti-cleaved caspase-3 antibody (5A1E; 1:100; rabbit; CST), anti-β-catenin antibody (1:1000; rabbit; Sigma), anti-ZO-1 antibody (ZO1-1A12; 1:800; mouse; Life Technologies) and phospho-Histone H3 (Ser10) antibody (1:100; mouse; CST). Primary antibodies were detected using the following secondary antibodies: anti-rabbit IgG H&L (Alexa Fluor 488; 1:500; donkey; Abcam) and anti-mouse IgG H&L (Alexa Fluor 594; 1:500; donkey; Abcam) by incubation for 3 hr at 24°C in a blocking solution containing these secondary antibodies together with Hoechst 33342 (1:500; Life Technologies).
Fluorescence microscopy images were captured using an Axio Vert. 
| In situ hybridization
In situ hybridizations were performed using 10-μm fresh frozen sections as previously described (Ishida & Mitsui, 2016 ).
| Statistical analysis
All data are presented as mean ± SEM. We performed a two-tailed Student's t-test to calculate the p-value for statistical significance.
| RE SULTS
| Epithelial cavity formation during development of a bioengineered skin and feather buds
We first investigated the formation of an epithelial cavity during the development of a bioengineered skin. Bioengineered skins were generated using completely dissociated epithelial and mesenchymal cells of dorsal skins from HH29 (embryonic days 7) chick embryo, organ cultured in vitro for 3 days ( Figure 1a ). The fabrication and development of the bioengineered skin have been described in detail in our recent reports (Ishida & Mitsui, 2016 
| Caspase-3-related apoptosis during epithelial cavity formation in bioengineered skins
We have previously shown that the epithelial cavity forms in the epithelial cell aggregate of the bioengineered skin until 0.5 days after reconstitution (Ishida & Mitsui, 2016) . We then investigated caspase-related apoptosis during the very early stage of the bioengineered skin development. We cultured bioengineered skins for 3, 6, and 9 hr and analyzed apoptotic cells by TUNEL staining. Although TUNEL-positive cells were hardly detected at 3 hr, a small number of TUNEL-positive cells were observed after 6 hr of culture (Figure 2a ). (Figure 2b) . After 6-9 hr of culture, cleaved caspase-3 expressions were observed around the cavities and at the area of the expected epithelial cavity formation (Figure 2b) . Negligible or no caspase-3-positive mesenchymal cells were observed, similar to the results of the TUNEL staining (Figure 2b ). These observations were in agreement with the results of the histological analyses of the developing bioengineered skins (Figure 1b) . Collectively, these results suggest that the epithelial cavity of the bioengineered skin may be formed through the caspase-3-associated apoptosis during the early stage of the bioengineered skin development.
| Suppression of bioengineered feather bud formation by pan-caspase inhibition
We next investigated whether caspase-related apoptosis in the bioengineered epithelium was required for the bioengineered feather bud formation. We cultured bioengineered skins with a pan-caspase inhibitor, Q-VD-OPh (Caserta, Smith, Gultice, Reedy, & Brown, 2003) , for 3 days. We restricted Q-VD-OPh addition to 1-day windows (days 0-1, 1-2, and 2-3) . Bioengineered skins treated with DMSO (control cultures) and with Q-VD-OPh from days 1 to 2 and days 2 to 3 formed bioengineered feather buds at the rate of about 70%-80% (Figure 3a-c) . In contrast, bud formation on the bioengineered skins was suppressed by treatment with Q-VD-OPh from days 0 to 1 (Figure 3a-c) . These results suggest that the caspase activities in the bioengineered epithelium may be involved in the formation of bioengineered feather buds, at an early stage of their development.
| Requirement of caspase activities for the rearrangement of bioengineered epithelial cell layers and formation of feather buds
To examine the cause of pan-caspase inhibitor-induced suppression of bioengineered feather bud formation, we next analyzed the expression profiles of β-catenin and ZO-1 proteins. During early skin development in vivo, a ZO-1-expressing periderm forms at the surface of the skin before feather bud formation (Morita, Furuse, F I G U R E 4 Requirement of caspase activities for the rearrangement of bioengineered epithelial cell layers and formation of feather buds. (a) Expressions of β-catenin (green) and ZO-1 (magenta) in the bioengineered skins, after 2 days of culture with DMSO (control) or Q-VD-OPh (40 μM), were observed by immunohistochemical analyses. The condensed dermis (indicated by the arrowhead) was observed in the control culture by β-catenin expression, however, Q-VD-OPh treatment suppressed the formation of the condensed dermis. The white boxed areas in the low magnification images (in the upper panels) are shown below at a higher magnification (in the lower panels). & Tsukita, 2002; Sengel, 1976) . In the control sample, β-catenin expressions were detected at the polarized epithelial bilayer and the condensed mesenchyme in the bioengineered skin ( Figure 4a ). In addition, ZO-1 expressions were observed at the upper layer of the epithelial bilayer (Figure 4a ), whose cells are called pericytes (Sengel, 1976) . In contrast, the polarization of the epithelial layers was disrupted, and the condensed mesenchymal cells were not observed in the bioengineered skin treated with Q-VD-OPh (Figure 4a ). The cell density of β-catenin-expressing dermal cells beneath the epithelial layer of Q-VD-OPh-treated skin was lower than that of the control bioengineered skin (Figure 4b ). We further analyzed the formation of the mesenchymal condensation by in situ hybridization of gene markers for early feather bud formation. CTNNB1
(β-catenin) and SDC3 (syndecan-3) transcripts are observed at the expected feather bud regions in the early developmental stages of the intact bioengineered skin, prior to feather bud morphogenesis (Ishida & Mitsui, 2016; Song, Lee, & Goetinck, 2004; Widelitz, Jiang, Lu, & Chuong, 2000) . Bone morphogenetic protein 4 (BMP4) mRNA is detected at the mesenchymal condensations in the feather primordia of the natural skin and the bioengineered skin (Ishida & Mitsui, 2016; Jung et al., 1998) . In the control samples, CTNNB1
mRNAs were detected at both, the epithelium and the mesenchyme, and SDC3 and BMP4 transcripts were observed at the dermal condensation of the bioengineered skin (Figure 4c ). In contrast, CTNNB1
expression was detected at the epithelium of the Q-VD-OPh-treated bioengineered skin, however, the signal intensity was relatively low compared with the control sample (Figure 4c ). Additionally, SDC3
and BMP4 transcripts were scarcely detected at the mesenchyme in the Q-VD-OPh-treated bioengineered skin (Figure 4c ). These results suggest that the suppression of the formation of bioengineered feather buds by the treatment of the pan-caspase inhibitor may be caused by the disruption of both the formation of the polarized epithelial layer and the mesenchymal condensation in the early stage of the development of the bioengineered skin.
| Involvement of Wnt/β-catenin signaling in the apoptosis-related bioengineered feather bud formation
The disruptions of the epithelial cell polarization and mesenchymal condensation (shown in Figure 4 ) implied that the feather bud formation on the bioengineered skins may be suppressed by the inhibition of caspase activities during the early stage of the bioengineered skin development. In native chick skin development, Wnt/β-catenin signaling-related genes, such as CTNNB1 and WNT7A, are observed at the expected feather bud regions during the earliest stages of skin development, prior to feather bud formation (Widelitz et al., 1999 (Widelitz et al., , 2000 . Additionally, the forced expression of β-catenin induces the formation of ectopic skin appendages and the activation of placodal and mesenchymal condensation marker genes, including SHH, BMP2, and BMP4 (Noramly, Freeman, & Morgan, 1999) . From these reports, we assumed that the reduction in the activity of Wnt/β-catenin was involved in the failure of feather bud formation on the pan-caspase inhibitor-treated bioengineered skin. To test this hypothesis, we used GSK-3β inhibitor to elevate Wnt/β-catenin signaling in the treated cells (Wang et al., 2009) . After bioengineered skins were treated with or without the GSK-3β inhibitor for 3 days, no significant difference in the frequency of feather bud formation was detected. (Figure S2a,b) . On the other hand, the size of the inhibitor-treated feather buds was increased ( Figure S2c ). We next investigated the expressions of β-catenin and pHH3 to detect a condensed mesenchyme and mitotic cells in the inhibitor-treated skins ( Figure S2d ). The area of β-catenin-expressing condensed dermal cells was significantly expanded by the inhibitor treatment ( Figure S2e) . However, the number of pHH3-positive cells in the condensed dermal cells was significantly decreased by the inhibitor treatment ( Figure S2f ). Similar observations were reported in the initiation stage of hair follicle formation (Chen, Jarrell, Guo, Lang, & Atit, 2012) , showing that sustained β-catenin activity in the dermis results in increased hair follicle size, accelerated hair follicle differentiation, and enlarged dermal papilla. Taken together with the previous findings in the hair follicle initiation, β-catenin activity may play roles in the expansion of condensed dermal cells and acceleration of the differentiation of feather mesenchyme in the bioengineered skin. We then investigated whether the addition of the GSK-3β inhibitor could promote the formation of feather buds on a Q-VD-OPh-treated skin.
As shown in Figure 3a , the Q-VD-OPh-treated bioengineered skins did not form feather buds (Figure 5a 
| D ISCUSS I ON
The epithelial cavitation in the epithelial aggregate of the bioengineered skin was similar to the cases of cavitation in early mouse development and in mammary gland development (Abud, 2004) . In early mouse development, the inner cell mass, which generates all cells within the embryo, will form the "egg cylinder"
through the formation of a cavity by selective apoptosis of cells at the center of the ectodermal cell mass (Coucouvanis & Martin, 1995) . This study suggested that the cavitation formed through the apoptotic death of the internal ectodermal cells is regulated by two opposing signals-an apoptosis-inducing secreted signal that results in the death of the inner ectodermal cells, and a survival signal from the basement membrane beneath the ectodermal cells. In mammary gland development, the morphogenesis of mammary ducts with polarized mammary epithelial cells is dependent on the selective death of epithelial cells (Bissell, Rizki, & Mian, 2003) . MCF-10A cells, which are a cell line derived from human mammary epithelial cells, form mammary acini and undergo selective apoptosis to establish the lumen space in 3D
Matrigel culture (Debnath et al., 2002) . In this model, the sur- (Figures 1 and 2 ) and formed the polarized epithelial cell layers (Figure 4a ). In native chick development, a basement membrane is formed between the epithelium and the mesenchyme during the very early stage of skin development (Sengel, 1976) . In fact, the basement membrane was observed histologically at the interface between the epithelial and mesenchymal cell aggregates during the early stage of development of the bioengineered skin ( Figure S3 ). The basement membrane seemed to play a role in the survival of the epithelial cells adjacent to the mesenchymal cells of the bioengineered skin. These observations suggest the possibility that the cavitation in the bioengineered epithelium may be regulated by biological or developmental systems similar to those in the early embryo and mammary duct formation. As the upstream signals for cell death in the bioengineered epithelium are still unknown, further investigations in this regard will be necessary.
Despite the treatment of the bioengineered skin with the pan-caspase inhibitor, the cell death in the epithelium occurred ( Figure 3 ). Similar phenomena were observed in the mammary epithelium model (Debnath et al., 2002) . In this model, although the suppression of apoptosis by overexpressing anti-apoptotic proteins, Bcl-2 and Bcl-X L , delays the clearance of epithelial cells from the luminal space, it does not inhibit the lumen formation.
Indeed, in our experiments, delayed cell clearance was observed in the cavitation area in the Q-VD-OPh-treated skin epithelium ( Figure 4a ). It is known that caspase inhibition can induce caspaseindependent cell death, including necrosis and autophagy, which may compensate for the failure of caspase-related apoptosis (Teshima et al., 2015; Vandenabeele, Vanden Berghe, & Festjens, 2006) . In addition, caspases are reported to be involved in nonapoptotic processes, such as cell fate determination, actin cytoskeleton reorganization, and cell proliferation (Kuranaga, 2011; Teshima et al., 2015; Wang & Lenardo, 2000) . Therefore, the suppression of the formation of feather buds (Figure 3 
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